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We study the role of electron correlations in the presumed type II Weyl semimetallic candidate
γ-MoTe2 by employing density functional theory (DFT) where the on-site Coulomb repulsion (Hub-
bard U) for the Mo 4d states is included within the DFT+U scheme. We show that pure DFT
calculations fail to describe important features of the light-polarization dependence of the angular
resolved photoemission intensity which can be accounted for by including the role of the Hubbard
U. At the same time while pure DFT calculations cannot explain the angular dependence of the
Fermi surface as revealed by quantum oscillation experiments (a fact which had raised doubt about
the presence of the Weyl physics in γ-MoTe2) inclusion of such on-site Coulomb repulsion can. We
find that while the number of Weyl points (WPs) and their position in the Brillouin Zone change
as a function of U, a pair of such WPs very close to the Fermi level survive the inclusion of these
important corrections. Our calculations suggest that the Fermi surface of γ-MoTe2 is in the vicinity
of a correlations-induced Lifshitz transition which can be probed experimentally and its interplay
with the Weyl physics might be intriguing.
Transition metal dichalcogenides (TMDs) have con-
tinued to surprise physicists and chemists for decades
by providing an avalanche of materials with intriguing
chemical, mechanical, electronic and optical properties,
of both fundamental and technological implications[1–
3]. Among several other properties of fundamental im-
portance in physics, more recently, DFT calculations[4–
6] predict that the lesser known inversion-symmetry-
breaking TMDs γ−WTe2 and γ−MoTe2 host Lorentz
invariance violating type-II Weyl Fermions. In a
similar fashion to their type-I counterparts (namely,
(Ta,Nb)(As,P)), these materials are predicted to host
Weyl nodes (WN) at the boundaries of the electron and
hole pockets as well as topological Fermi arcs which con-
nect Weyl nodes of opposite chiralities[7–10]. Differ-
ent anomalies in the transport experiments, such as ex-
tremely high carrier mobility[11, 12], and chiral anomaly
induced negative longitudinal magnetoresistance[13] are
considered indirect evidence of Weyl Fermions.
Angular resolved photoemission spectroscopy
(ARPES) is undoubtedly a direct and widely ac-
cepted probe of the above mentioned features of the
electronic structure and it has successfully identified
type-I Weyl candidates by directly imaging the WNs and
Fermi arc states[7, 8]. However, in materials which are
candidates for realizing type-II Weyl Fermions, ARPES
experiments are not as convincing and unambiguous
as in the type-I case because of the coexistence of the
bulk electron and hole pockets with surface arc-states
and the presence of both trivial and non-trivial Fermi
arcs[14, 15]. Nevertheless, in the candidate material
γ-MoTe2 several ARPES studies have claimed to ob-
serve Weyl points (WPs) and non-trivial Fermi arcs
in agreement with the DFT calculations [16–19]. On
the other hand, the predicted electron and hole pockets
from DFT calculations, which give rise to the WPs and
non-trivial topology, fail to explain the experimentally
observed quantum oscillation (QO) frequencies [20]
in MoTe2. This failure of the DFT calculations to
explain the QO frequencies has raised a certain degree
of doubt about the existence of these WPs, given the
fact that they were the predictions of such calculations.
Also, the high sensitivity of the WPs (of their number,
their location and even of their presence) to the slight
change in the lattice parameters [4, 21], the fact that
even the presence of Fermi arcs does not necessarily
imply the existence of the WPs and non-trivial topology
[14, 22] and the approximate way of incorporating the
exchange-correlation effects in the DFT, upon which
all the predictions about Weyl materials are based,
has made this field both exciting and controversial. A
significant amount of effort and resources have been
devoted by the scientific community to understand and
possibly use these Weyl and other topological materials
in novel electronics, therefore, it is very important to
make sure that their characterization, especially with
regard to these fundamental properties is accurate.
In Ref. 20, the authors have empirically shown that in
order to make any sensible comparison between the ex-
perimentally observed QO frequencies and the DFT cal-
culated ones for the Weyl candidate MoTe2, the relative
band energies of the electron and hole pockets have to be
shifted in opposite directions by a constant momentum-
independent amount of energy (∼ 50 meV). These au-
thors also showed that such a shift was enough to explain
the ARPES observed band structure. This adjustment of
the band structure, however, sheds doubt about the exis-
tence of the Weyl points whose presence depends strongly
on small amounts of energy displacement of the hole and
electron bands.
2In this letter, we resolve the above described discrep-
ancy by studying the electronic structure of MoTe2 by
means of the DFT+U method. Our results show that
the “ad hoc” shifting of the bands attempted in Ref. 20
is not only empirical but also justified. The electron
and hole bands, predicted to form WPs, are the result
of hybridization of Mo-d and Te-p orbitals (see Fig. 1
of the Supplemental Material(SM) 23). Hence, as ex-
pected introduction of a Hubbard U term on the Mo
d-orbital to take into account the effects of Coulomb cor-
relations arising from the more localized nature of this
orbital would lead to different contributions to the en-
ergy of these bands. A reasonable value of Hubbard U
(≈ 3eV ) provides a better agreement with the QO and
ARPES data. In addition, we demonstrate that in order
to explain the polarization dependence of the ARPES
results we need to introduce a non-zero U. More impor-
tantly, while many other pairs of Weyl points vanish by
increasing the value of U an interesting Weyl pair very
near the Fermi level is found to survive. Also, our cal-
culations indicate that the system is in close vicinity to
a Lifshitz transition and the WPs are much closer to the
Fermi level than predicted by DFT calculations and these
predictions can be explored experimentally.
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FIG. 1. (a) Comparison between the band structure of
MoTe2 with U=0 eV (dotted line) and U=3 eV (solid line).
(b),(c) and (d) Bulk Fermi surface of MoTe2 for U=0, 3 and
5 eV respectively.
In Fig. 1, we present the band structure and Fermi
surface of MoTe2 obtained for different values of a Hub-
bard U on the Mo-d orbital (see Fig. 2 of the SM 23
for results using other values of U). The electron bands
around the Y high symmetry point feel the biggest ef-
fect as they have the highest proportion of Mo-d orbital.
This is also seen in the FS diagram (Fig.1 (b) and (c) )
where the smaller hole pockets vanish when U 6= 0. Fur-
thermore, as these electron bands around the Y point
are pushed above EF by the application of U, the elec-
trons in these states occupy the lower energy hole bands.
Hence, the hole pockets around the Γ point appear to
shrink (i.e., the hole-bands are pushed down relative to
the EF ) while they have negligible Mo-d contributions.
Interestingly, the direction of movement of the electron
and hole bands with respect to the EF is very similar
to the prediction of Ref. 20 which was done in order to
match the experimental data. Note that the magnitude
of the shift of the electron bands is small compared to
the value of U because of the low filling factor of these
bands.
Fig. 1 (b), (c) and (d), illustrates the evolution of the
Fermi surface (FS) for U=0, 3 and 5 eV respectively.
Both the electron and hole bands are affected, mostly
along the ky direction (i.e., the Y high symmetry direc-
tion in the band structure shown in Fig. 1(a)); the small
electron pocket along this direction disappears and the
hole pocket shrinks. Our FS for non-zero U value is con-
sistent with the HSE calculation of Ref. 24. However,
the shape of the FS, in particular that of the hole pocket
which change as a function of U, is different from ours.
As a general trend, the “head” of the “star” hole pocket
at Γ shrinks by increasing U, whereas the “arms” stay
more or less the same. For U ∼ 4.5 eV, we find a Lif-
shitz transition of the hole pocket where its central region
disconnects from the “kidney”-like structures as seen in
Fig. 1 (d).
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FIG. 2. Comparison between ARPES and DFT calcula-
tion. (a) ARPES measured Fermi surface taken from Ref. 18.
(b,c,d) Calculated projected local density of states at (0, 0, 1)
surface for the slab evaluated at E = EF for U=0, 3 and 5
eV respectively. The surface Fermi-arcs are shown in red and
they are in similar positions as found by ARPES.
In Fig. 2, we compare the ARPES[18] results and the
calculated projected density of states for different val-
ues of U as obtained from a slab calculation. We can
see clearly that DFT overestimates the size of both the
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FIG. 3. Comparison between ARPES and the results of the DFT calculation of the polarization dependence. Figs. (a,d) and
(c,f) are the calculated bulk FS for U=0 and U=3 eV calculations respectively whereas (b) and (e) are ARPES measured FS
taken from Ref. 22 for the vertical and horizontal polarization of light respectively. In Figs. (a) and (c) the contribution from
only the Te-(px, py) and Mo-(dx2−y2 , dxy d
2
z) orbitals is included whereas in Figs. (d) and (f), only the contribution for the
Te-(pz) and Mo-(dxz, dyz) orbitals is included. In Fig. b we have added the dotted-line enclosure of the “kidney”-like features
of the ARPES to guide the eye since for the case of vertical polarization they are very faint as in our calculations (Fig. c).
hole and electron pockets. In particular, notice the sig-
nificant difference between the ARPES and DFT hole
pocket around the Γ point. The size of the hole pocket de-
creases significantly, especially around the Γ point when
a non-zero U is used. A good agreement with the ARPES
experiment is found for U ∼ 3 eV as seen in Fig. 2(c).
As discussed in the previous paragraph, for U ∼ 4.5 eV
a Lifshitz transition occurs, however, beyond that value
of U (Fig. 2(d)) the central hole pocket is very small as
compared to that seen in the ARPES. We note that in
the ARPES measurement of Fig. 2(a) the central hole
pocket is of negligible intensity appearing as white color.
However, different regions of the Fermi surface are visible
under different polarizations of light as shown in Ref. 22.
Next, by calculating the ARPES light-polarization de-
pendence we show that while it cannot be captured by
the DFT calculation, the DFT+U calculation yields a
good qualitative account.
The bands that cross the Fermi surface have different
distribution of the p and d orbitals which are visible under
different directions of polarization of light. As shown in
Sec. III of the SM[23], the matrix elements of the operator
~ǫ · ∇ (where ~ǫ is the direction of the light polarization)
which enters in ARPES intensity follows the following
rules for the different orbital character of the components
of each band. (a) When ~ǫ||zˆ, from the p-orbitals only
the pz character contributes to the intensity. From the
d-orbitals, only the dxz and dyz contribute. (b) When
~ǫ ⊥ zˆ, from the p-orbitals only the px and py character
contribute to the intensity. From the d-orbitals, only the
dxy and dx2−y2 and dz2 contribute.
In Fig. 3 we present the results of our calculation
where we only include the non-zero contributions for a
given direction of light polarization. We also compare
these results obtained with U=0 (DFT) and U=3 eV
to the ARPES measurements[22]. Figs. 3(a),3(d) and
Figs. 3(c),3(f) are the calculated bulk FS for U=0 and
U=3 eV calculations respectively, whereas Figs. 3(b),3(e)
are the ARPES measured FS for the vertical and hori-
zontal polarization of light respectively. The main fea-
ture of the results is that the part of the hole pocket
which encircles the Γ point has strong polarization de-
pendence which is captured by our calculation for U=3
eV, while the DFT calculation fails to do so. In addi-
tion, the “kidney”-like parts of the hole pocket are faint
in the case of vertical polarization and more intense in
the case of horizontal polarization, a feature which is also
present in the U=3 eV calculation and is absent in the
DFT calculation. We consider these features which can
be captured only by the DFT+U calculation a “smoking
4gun” that the DFT+U calculation gives a much better
picture of what happens near the FS of γ-MoTe2.
Direct comparison of the calculated angular depen-
dence with the experimentally measured QO data did
not turn out to be straightforward because we found that
the calculation shows significant difference between the
spin-orbit (SO) split bands. This is in contrary to the
experimentally observed QO FFT spectra (see Fig. 4 (b)
of Ref. 20) where the twin peaks with similar angular de-
pendence, identified as SO partners, have much smaller
SO splittings. Overestimation of SOC strengths in DFT
calculations, thereby giving inaccurate values of experi-
mental observables, is not a new finding by itself and has
been discussed in previous works[25]. Hence, we averaged
over the angular dependence of the SO partners which is
justified because of their similar angular dependence (see
Fig. 4 of the SM [23] for comparison without averaging).
In Ref. 20, it was shown that the DFT calculated an-
gular dependence of the Fermi surface does not agree
with the experimentally measured QO frequencies. In
particular, a larger than 1000 T QO frequency along the
c-axis is absent and this is also true for the QO frequen-
cies reported in Ref. 24. In Fig. 4 the angular depen-
dence of the orbits measured by QO experiments is com-
pared to our results using U=0, 3 and 5 eV. In Fig. 4(a)
and Fig. 4(b), both the spin-orbit partners are averaged
whereas in Fig. 4(c), only the electron partners are aver-
aged, as the smaller of the hole pockets further disinte-
grates into smaller pieces and hence, they have different
angular dependence. Though the size of both the elec-
tron and hole pockets decrease as a function of U, the
hole pockets are the ones most affected. When the U
value is increased in order to obtain the Lifshitz transi-
tion, the large hole pocket of size ≈ 1500 T collapses to
two small sized pockets of approximate sizes 500 T and
100 T. (see also Fig. 3 (b) of the SM [23] for other values
of U). This effect is dramatic and can provide a plausi-
ble answer for the absence of large sized hole pockets in
the QO experiments. However, as can be inferred from
Fig. 3, this is contrary to the observation of the ARPES
experiments. On the other hand, if we adopt a moderate
value of U=3 eV, it can account for most of the Quantum
Oscillation frequencies (including the hole orbit along the
a-axis) and at the same time can explain the ARPES ex-
periments including the polarization dependence of the
intensity. The large hole orbit of size greater than 1000
T not seen in QO experiments along the c-axis can not
be accounted with this value of U; however, it is not
unusual in a QO experiment to miss an orbit along a
certain direction, especially when the mass of the carrier
is very anisotropic[26, 27]. The fact, however, that γ-
MoTe2 is near the Lifshitz transition, which in practical
terms means just 25 meV (we find that this corresponds
to less than ∼ 2 % per chemical formula electron doping)
away from the transition, it is expected to have a signif-
icant effect in transport phenomena. The reason is that
the size of the large hole pocket near Γ changes rapidly
by external causes.
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FIG. 4. Comparison between the experimental angular de-
pendence and the calculated angular dependence for (a) DFT
(b) U=3 eV (c) U=5 eV. In Figs. (b) and (c), the calculated
orbits that do not correspond to the experimental ones are
drawn with dashed lines.
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FIG. 5. Band structure along the Weyl points W1 and
W2 for (a) U = 0 eV, (b) U = 3 eV and in (c) for U = 3
eV along a direction perpendicular to the W1W2 line which
passes through the W2 point and lies on the XY plane.
As noted by other authors[4, 14, 21, 28], the exact
position and even the presence of WPs is very sensitive
to the slightest change in the lattice parameters and also
in the different implementations of DFT. Therefore, first
we identify the position of the WPs for MoTe2 by looking
at the Berry curvature vector plot. (See Fig. 5 (a) and
(b) of the SM[23] which illustrates the location of the
source and sink of Berry curvature.) In total, there are
4 pairs of WPs, each on one quadrant, all of which are
located on the kz = 0 plane and are related by the crystal
symmetry. The band structure along these WPs is shown
in Fig. 5 (a) which is similar to the one shown in Ref.21.
We also examined how the WPs evolve as a function
of U. We found that the number of the WPs and their
position in the BZ change with increasing U in a very
non-trivial way. For example, for U=0.75 eV, we find
12 pairs of WPs out of which only 4 pairs are located
5on the kz = 0 plane. For U=2 eV and U=4 eV, there
are respectively 8 and 6 pairs of WPs, none of which
are located on the kz = 0 plane. Also, we found that
the source and sinks of the WPs move farther from one-
another as U increases. In Fig.5, we present the band
structure along the WPs for U=3 eV along the direction
W1W2 (Fig. 5(b)) and along the perpendicular direction
(Fig. 5(c)) where it is shown that one pair of surviving
WPs is very close to the EF . Notice that the WP, which
is very close to the FS, seems to be a type-I along the
W1W2 direction; however, when we calculated the band
dispersion along the direction perpendicular to W1W2
(Fig. 5(c)), it becomes clear that its character is of type-
II. In Sec. IV of the SM [23], we introduce a simple model
for an inversion symmetry breaking quasi-2D system and
demonstrate how the WPs can be destroyed or created
by the presence of the Hubbard U. Using this model we
find that the WPs move in k-space with the application
of U until they annihilate.
In summary, we found that a modest value of U (close
to 3 eV) gives good qualitative agreement with both the
QO experiments and the ARPES measured Fermi sur-
face. The “smoking gun” that our calculation provides
a much more accurate interpretation of the FS of γ-
MoTe2 is that it can explain the polarization dependence
of ARPES, while the DFT calculation fails. We find a Lif-
shitz transition for U ∼ 4.5 eV and, because of the more
accurate account of the experimental results by using a
not too different value of U, this suggests that γ-MoTe2
could be in the close vicinity to this transition produced
by the effects of Coulomb correlations. Experimentally,
the Lifshitz transition can be probed by a small amount
of doping which can be introduced either chemically or
by making a device with a back-gate potential which can
effectively introduce charge. We find that the number
of WPs and their position in the BZ change non-linearly
with U. Interestingly, the WPs closest to the Fermi level
survive for the U value which accurately describes both
ARPES and QO experiments and this is a very positive
result of the present work regarding a controversial issue.
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